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oligomerise ethylene to produce mixtures of olefins that reportedly contain 13-25 mass 
% 1-octene (Chem Systems PERP reports 90-1 , 93-6, and 94/95S12). 

The prior art also teaches that chromium-based catalysts containing heteroatomic 
ligands with both phosphorus and nitrogen heteroatoms selectively catalyse the 
trimerisation of ethylene to 1-hexene. Examples of such heteroatomic ligands for 
ethylene trimerisation include bis(2-diethylphosphino-ethyl) amine (WO 03/053891) as 
well as (o-methoxyphenyl) 2 PN(methyl)P(o-methoxyphenyl) 2 (WO 02/04119). Both these 
catalyst systems and processes are very specific for the production of 1-hexene and 
only yield 1-octene as an impurity (typically less than 3 mass % of the product mixture as 
disclosed by WO 02/04119). The coordinating phosphorus heteroatoms in (o- 
methoxyphenyl) 2 PN(methyl)P(o-methoxyphenyl) 2 (WO 02/04119) are spaced apart by 
one nitrogen atom. It is believed that the nitrogen atom does not coordinate, at least in 
the absence of an activator, with the chromium and that without any further electron 
donating atoms on the ligand that it is a bidentate system. Furthermore it is argued that 
the polar, or electron donating substituents in the ortho-position of the phenyl groups 
help form a tridentate system, which is generally believed to enhance selectivity towards 
1-hexene formation as reiterated in WO 02/04119 in Chem. Commun., 2002, 858-859: 
"This has led us to hypothesise that the potential for ortho-methoxy groups to act as 
pendent donors and increase the coordinative saturation of the chromium centre is an 
important factor." WO 02/041 19 (Example 16) teaches the production of octenes using a 
trimerisation of olefins process and catalyst system. In this instance, 1-butene was co- 
trimerised with two ethylene molecules to give 25% octenes. However, the nature of 
these octenes was not disclosed and the applicant believes that they consist of a mixture 
of linear and branched octenes. 

This application discloses the combination of highly selective tetramerisation cocatalysts 
for the production of 1-octene and the concomitant polymerisation of the tetramerised 
olefin with the ethylene feedstock. It has further been found that a chromium-based 
catalyst containing mixed heteroatomic ligands can be used to selectively tetramerise 
ethylene to 1-octene often in excess of 60 mass% selectivity. This high 1-octene 
selectivity cannot be achieved via conventional one-step ethylene oligomerisation 
technologies which at most yield 25 mass% 1-octene and the present invention confers 
the suitability of a selective 1-octene yielding catalyst for in situ polymerisation. 
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Examples of heterogeneous polymerisation processes that mention the polymerisation 
of in situ formed a-olefins to yield branched by-products of the polymerisation process 
are known in the art. However, few examples are available describing the combination of 
a heterogeneous polymerisation catalyst on a support and a homogeneous 
oligomerisation catalyst, or the combination of two homogeneous catalyst systems 
where one system produces an a-olefin and the other catalyst polymerises the olefin 
formed in situ as a comonomer with ethylene. Specific examples related to tandem 
oligomerisation and polymerisation catalysis involving a supported polymerisation 
catalyst include US patent 5,331,070 and EP 0 4.17 477 in which a metal alkyl, a pyrrole- 
containing compound and a chromium salt supported on an inorganic support material 
polymerises an in situ generated a-olefin to yield a branched polyethylene. 

Tandem catalysis involving heterogeneous polymerisation catalysts mostly does not 
involve the combination of a separate oligomerisation catalyst together with a supported 
polymerisation catalyst as proposed in this application. Due to the nature and geometry 
of the supported polymerisation catalyst, the formation of a-olefins through B-hydride 
elimination is possible to some extent, however the formation of polymers is 
thermodynamically and kinetically more favoured. After an a-olefin is produced it has a 
high probability to be incorporated into other growing polymer chains as the process of 
chain growth proceeds from the surface of the support material. In this way, polymers 
containing relatively low amounts of a-olefins are produced without significant control 
over the extent of a-olefin incorporation or the resultant polymer architecture. 

Although examples of homogeneous tandem catalysis involving the combination of 
oligomerisation catalysts in tandem with suitable soluble polymerisation catalysts are 
rare, the recent patent literature such as US patents 6,586,541, 6,555,631 and 
6,586,550 specifically relate to the deliberate combination of oligomerisation catalysts, 
previously reported for their ability to produce a-olefins, combined with soluble 
polymerisation catalysts to produce branched polyolefins. 

These patent examples centre on contacting both an oligomerisation catalyst and a 
polymerisation catalyst with a single feedstock namely ethylene. Both oligomers and 
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polymers are produced in the same system with concurrent production of a-olefins and 
the polymerisation of the resultant a-olefins with ethylene. Most of the oligomerisation 
catalysts that convey novelty to these patents are oligomerisation catalysts that produce 
a distribution of a-olefins. These distributions are favoured towards a mixture of 1- 
butene, 1-hexene, 1-octene and 1-decene. Consequently, the structure of the polymers 
described in these patents exhibit patterns of incorporation according to 13 C NMR 
analysis that reflect the distribution of a-olefins. 

It is well-known in the open literature that control of reaction conditions such as 
pressure, temperature, feed gas make-up, comonomer content etc. result in polymers 
with desirable physical properties such as tear-strength, optical clarity, elasticity and 
many other physical properties deemed desirable by polymer end-users. In particular, 
the production of linear low-density polyethylene (LLDPE) sees the polymerisation of 
individual high purity a-olefins, such as 1-butene, 1-hexene and 1-octene, and ethylene 
to produce LLDPE suitable for films and sheets, blow molding, extrusion and wire and 
cable jacket material as well as rotational molding material. In none of the above 
examples is there disclosed a process relating to the selective production of 1-octene for 
in situ incorporation into polyethylene. 

The combination of the highly selective ethylene tetramerisation catalyst system of the 
present disclosure with a suitable polymerisation catalyst can therefore result in a 
tandem process that produces polyethylene grades with high end-user specifications 
without the need of a separate facility or process to manufacture the 1-octene. 

It will be understood that tandem oligomerisation and polymerisation catalysis includes in 
situ catalysis. In-situ catalysis means oligomerisation and polymerisation catalysis in the 
same reaction medium. The tandem oligomerisation and polymerisation catalysis may 
be in situ concurrent and/or in situ consecutive catalysis. The individual components of 
the oligomerisation and polymerisation catalysts may thus be added together 
simultaneously or sequentially, in any order, and in the presence or absence of 
monomer in a suitable solvent. Reaction mixture will be understood to include a reaction 
medium, reaction products and catalyst components. The reaction medium normally 
includes a solvent. 
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tetramers derived from those olefinic monomers. The tetramerisation product stream 
may consist of linear or branched olefins. 

By heteroatomic tetramerisation ligand is meant a ligand that contains at least two 
heteroatoms, which can be the same or different, where the heteroatoms may be 
selected from phosphorus, arsenic, antimony, sulphur, oxygen, bismuth, selenium or 
nitrogen. 

The heteroatomic ligand for the ethylene tetramerisation catalyst may be described by 
the following general formula (RyV-B-CfR),,, where A and C are independently selected 
from a group which comprises phosphorus, arsenic, antimony, oxygen, bismuth, sulphur, 
selenium, and nitrogen, and B is a linking group between A and C, and R is 
independently selected from any homo or heterohydrocarbyl group and n and m are 
determined by the respective valence and oxidation state of A and C. 

A and/or C may be a potential electron donor for coordination with the transition metal. 

An electron donor is defined as that entity that donates electrons used in chemical, 
including dative covalent, bond formation. 

The heteroatomic ligand for the ethylene tetramerisation catalyst may be described by 
the following general formula (R 1 )(R 2 )A-B-C(R 3 )(R 4 ) where A and C are independently 
selected from a group which comprises phosphorus, arsenic, antimony, bismuth and 
nitrogen and B is a linking group between A and C, and R 1 , R 2 , R 3 and R 4 are 
independently selected from hydrocarbyl or heterohydrocarbyl or substituted hydrocarbyl 
or substituted heterohydrocarbyl groups. 

The heteroatomic ligand for the ethylene tetramerisation catalyst may be described by 
the following general formula (R 1 )(R 2 )A-B-C(R 3 )(R 4 ) where A and C are independently 
selected from a group which comprises phosphorus, arsenic, antimony, bismuth and 
nitrogen and B is a linking group between A and C, and R 1 , R 2 , R 3 and R 4 are 
independently non-aromatic or aromatic, including heteroaromatic, groups. 
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R . R , R and R 4 may be aromatic, including heteroaromatic, groups and preferably not 
all the groups R\ R 2 , R 3 and R 4 , if aromatic, have a substituent on the atom adjacent to 
the atom bound to A or C. 

R 1 . R 2 . R 3 and R 4 may have substituents on the atom adjacent to the atom bound to A 
or C. 

At least one or more of R 1 , R 2 , R 3 and R 4 may be substituted with a polar substituent on 
a second or further atom from the atom bound to A or C. 

Any polar substituents on R\ R 2 , R 3 and R 4 may preferably not be on the atom adjacent 
to the atom bound to A or C. 

Any polar substituent on one or more of R\ R 2 , R 3 and R 4 may be electron-donating. 

Any substituents on one or more of R 1 , R 2 , R 3 and R 4 may be not electron-donating. 

In another embodiment, each non-electron donating substituent may be non-polar. 

Each of R\ R 2 , R 3 and R 4 may be aromatic, including heteroaromatic, but not all of R 1 , 
R 2 , R 3 and R 4 are substituted by any substituent on an atom adjacent to the atom bound 
to A or C. 

Preferably, not more than two of R 1 , R 2 , R 3 and R 4 may have substituents on the atom 
adjacent to the atom bound to A or C. 

Polar is defined by IUPAC as an entity with a permanent electric dipole moment. Polar 
substituents include methoxy, ethoxy, isopropoxy, C^o alkoxy, phenoxy, 
pentafluorophenoxy, trimethylsiloxy, dimethylamino, methylsulfanyl, tosyl, 
methoxymethy, methylthiomethyl, 1,3-oxazolyl, methoxymethoxy. hydroxyl, amino,' 
phosphino, arsino, stibino, sulphate, nitro and the like. 
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Any of the groups in the ligand for the tetramerisation catalyst, R 1 , R 2 , R 3 and R 4 may 
independently be linked to one or more of each other or to the linking group B to form a 
cyclic structure together with A and C, A and B or B and C. 

R\ R 2 . R 3 and R 4 in the tetramerisation ligand may be independently selected from a 
group comprising a benzyl, phenyl, tolyl, xylyl, mesityl, biphenyl, naphthyl, anthracenyl, 
methoxy, ethoxy, phenoxy, tolyloxy, dimethylamino, diethylamino, methylethylamino, 
thiophenyl, pyridyl, thioethyl, thiophenoxy, trimethylsilyl, dimethylhydrazyl, methyl, ethyl, 
ethenyl, propyl, butyl, propenyl, propynyl, cyclopentyl, cyclohexyl, ferrocenyl and 
tetrahydrofuranyl group. Preferably, R 1 , R 2 R 3 and R 4 may independently be selected 
from a group comprising a phenyl, tolyl, biphenyl, naphthyl, thiophenyl and ethyl group. 

B may be selected from any one of a group comprising: organic linking groups 
comprising a hydrocarbyl, substituted hydrocarbyl, heterohydrocarbyl and a substituted 
heterohydrocarbyl; inorganic linking groups comprising single atom links; ionic links and 
a group comprising methylene, dimethylmethylene, 1,2-ethane, 1,2-phenylene, 1,2- 
propane, 1 ,2-catechol, 1,2-dimethylhydrazine, -B(R 5 )-, -Si(R 5 ) 2 -, -P(R 5 )- and -N(R 5 )- 
where R 5 is hydrogen, a hydrocarbyl or substituted hydrocarbyl, a substituted 
heteroatom or a halogen. Preferably, B may be -N(R 6 )- and R 5 is a hydrocarbyl or a 
substituted hydrocarbyl group. R 5 may be hydrogen or may be selected from the groups 
consisting of alkyl, substituted alkyl, aryl, substituted aryl, aryloxy, substituted aryloxy, 
halogen, nitro, alkoxycarbonyl, carbonyloxy, alkoxy, aminocarbonyl, carbonylamino, 
dialkylamino, silyl groups or derivatives thereof, and aryl substituted with any of these 
substituents. Preferably R 5 may be an isopropyl, a 1-cyclohexylethyl, a 2- 
methylcyclohexyl or a 2-octyl group. 

In another embodiment of the invention any of the groups in the ligand for the 
tetramerisation catalyst, R 1 , R 2 , R 3 , R 4 or R 5 may include any cyclic heteroatomic group 
such as a cyclopentadienyl-dimethylsilyl-t-butyl group or a cyclic homoatomic group such 
as a cyclopentadienyl, indenyl or fluorene group . 

B may be selected to be a single atom spacer. A single atom linking spacer is defined 
as a substituted or non-substituted atom that is bound directly to A and C. 
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A and/or C may be independently oxidised by S, Se, N or O. 

A and C may be independently phosphorus or phosphorus oxidised by S or Se or N or 
O. 



The tetramerisation ligand may also contain multiple (Ry^-B-CfR^ units. Not limiting 

examples of such ligands include dendrimeric ligands as well as ligands where the 

individual units are coupled either via one or more of the R groups or via the linking 

group B . More specific, but not limiting, examples of such ligands may include 1,2-di- 

(N(P(phenyl) 2 ) 2 )-benzene, 1 .4-di-(N(P(phenyl) 2 ) 2 )-benzene, NfCH^NfPfphenyl)^),,, 

1 ,4-di-(P(phenyl)N(methyl)P(phenyl) 2 )-benzene, 1 ,2-di-(N(P(p-methoxyphenyl) 2 ) 2 > 

benzene, 1.4-di-(N(P(p-methoxyphenyl) 2 ) 2 )-benzene > N(CH 2 CH 2 N(P(p- 

methoxyphenylfekk and 1 ,4-di-(P(p-methoxyphenyl)N(methyl)P(p-methoxyphenyl) 2 )- 
benzene. 



The heteroatomic ligands for tetramerisation can be prepared using procedures known 
to one skilled in the art and procedures disclosed in published literature. Examples of 
ligands are: (phenyl) 2 PN(methyl)P(phenyl) 2> (phenyl^PNfpentylJPCphenyl),. 

(phenyl) 2 PN(phenyl)P(phenyl) 2 .(phenyl) 2 PN(p-methoxyphenyl)P(phenyl) 2 , (phenylkPNfp- 
'butylphenyl)P(phenyl) 2 . (phenyl) 2 PN((CH 2 ) 3 -N-morpholine)P(phenyl) 2 . 
(phenyl) 2 PN(Si(CH 3 ) 3 )P(phenyl) 2 . (<(phenyl) 2 P) 2 NCH 2 CH 2 )N, (ethyl) 2 PN(methyl)P(ethyl) 2 , 
(ethyl) 2 PN(isopropyl)P(phenyl) 2 . (ethyl)(phenyl)PN(methyl)P(ethyl)(phenylX 
(ethyl)(phenyl)PN(isopropyl)P(phenyl) 2 . (phenyl) 2 P(=Se)N(isopropyl)P(phenyl) 2 , 
(phenyl) 2 PCH 2 CH 2 P(phenyl) 2> (o-ethylphenyl)(phenyl)PN(isopropyl)P(phenyl) 2 , (o- 
methylphenyl) 2 PN(isopropyl)P(o-methylphenyl)(phenyl), (phenyl) 2 PN(benzyl)P(phenyl) 2 , 
(phenyl) 2 PN(1-cyclohexylethyl)P(phenyl) 2 , (phenyl) 2 PN[CH 2 CH 2 CH 2 Si(OMe 3 )JP(phenyl) 2 , 
(phenyl) 2 PN(cyclohexyl)P(phenyl) 2 , phenyl) 2 PN(2-methylcyclohexyl)P(phenyl) 2 . 
(phenyl) 2 PN(allyl)P(phenyl) 2 , (2-naphthyl) 2 PN(methyl)P(2-naphthyl) 2> {p. 

biphenyl) 2 PN(methyl)P(p-biphenyl) 2 . (p-methylphenyl) 2 PN(methyl)P(p-methylphenyl) 2 , (2- 
thiophenyl) 2 PN(methyl)P(2-thiophenyl) 2> (phenyl) 2 PN(methyl)N(methyl)P(phenyl) 2> (m- 
methylphenyl^PN^ethylJPCm-methylphenylJa, (phenyl) 2 PN(isopropyl)P(phenyl) 2 and 
(phenyl) 2 P(=S)N(isopropyl)P(phenyl) 2 . 
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Examples of ligands with polar substituents on R\ R 2 , R 3 and R 4 include: (m- 
methoxyphenyDaP^methyDPfm-methoxyphenyl)^ (p-methoxyphenyl) 2 PN(methyl)P(p- 
methoxyphenyl),, (^-methoxyphenyl^PNCisopropyOPCm-methoxyphenyOa.Cp- 
methoxyphenyDaPNOsopropyDPOj-methoxyphenyl^, (p-methoxyphenyl) 2 PN(2- 
ethylhexyl)P(p-methoxyphenyl)2, (m-methoxyphenyl)(phenyl)PN(methyl)P(phenyl) 2 and 
(p-methoxyphenyl)(phenyl)PN(methyl)P(phenyl) 2 , (m _ 
methoxyphenyl)(phenyl)PN(methyl)P(m-methoxyphenyl)(phenyl), ^ 
methoxyphenyl)(phenyl)PN(methyl)P(p-methoxyphenyl)(phenyl), (/TJ . 
methoxyphenyl) 2 PN(methyl)P( P henyl) 2 and (p-methoxyphenyl) 2 PN(methyl)P(phenyl) 2 , (p- 
methoxyphenyl) 2 PN(1-cyclohexylethyl)P(p-methoxyphenyl) 2 , (p-methoxyphenyl) 2 PN(2- 
methylcyclohexyDPCp-methoxyphenyl),, (p-methoxyphenyl) 2 PN(decyl)P(p- 
methoxyphenylk, (P-methoxyphenyl) 2 PN(pentyl)P(p-methoxyphenyl) 2 , (p. 

methoxyphenyl) 2 PN(benzyl)P(p-methoxyphenyl) 2> <p-methoxyphenyl) 2 PN(phenyl)P(p- 
methoxyphenyl) 2 , (P-fluorophenyl) 2 PN(methyl)P(p-fluorophenyl) 2> (o- 

fluorophenyl^PNCmethyD^ofluorophenyl),, (p-dimethylamino-phenylkPNCmethyOPGD- 
dimethylamino-phenyl) 2l (P-methoxyphenyl) 2 PN(allyl)P(p-methoxyphenyl) 2 , 
(phenyl) 2 PN(i S opropyl)P(o-methoxyphenyl) 2) (p-(p-methoxyphenyl)- 
phenyl) 2 PN(isopropyl)P(p-(p-methoxyphenyl)-phenyl) 2 and ( p - 

methoxyphenyl)(phenyl)PN(isopropyl)P(phenyl) 2 . 

The heteroatomic tetramerisation ligand can be modified to be attached to a polymer 
chain so that the resulting heteroatomic coordination complex of the transition metal is 
soluble at elevated temperatures, but becomes insoluble at 25°C. This approach would 
enable the recovery of the complex from the reaction mixture for reuse and has been 
used for other catalyst as described by D.E. Bergbreiter et a/., J. Am. Chem. Soc, 1987, 
109, 177-179. In a similar vein these transition metal complexes can also be immobilised 
by binding the heteroatomic ligands to silica, silica gel, polysiloxane or alumina 
backbone as, for example, demonstrated by C. Yuanyin et al., Chinese J. React. Pol., 
1 992, 1 (2), 1 52-1 59 for immobilising platinum complexes. 

With regard to the tetramerisation process, the process may include the step of 
generating a heteroatomic tetramerisation coordination complex from a transition metal 
precursor and a heteroatomic ligand and adding a polymerisation catalyst either at the 
same time or over a period of time. The process may include the step of adding a pre- 
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formed coordination complex, prepared using a heteroatomic ligand and a transition 
metal precursor, to a reaction mixture, or the step of adding separately to the reactor, a 
heteroatomic ligand and a transition metal precursor such that a heteroatomic 
coordination complex of a transition metal is generated in situ. In all cases, the 
polymerisation catalyst may be added to the reactor at the same time as the 
tetramerisation catalyst or the polymerisation catalyst may be fed sequentially into the 
reactor over a period of time. By generating a heteroatomic coordination complex in situ 
is meant that the complex is generated in the medium in which catalysis takes place. 
Typically, the heteroatomic coordination complex is generated in situ. Typically, the 
transition metal precursor, and heteroatomic ligand are combined (both in situ and ex 
situ) to provide metal/ligand ratios from about 0.01:100 to 10 000:1, and preferably, from 
about 0.1:1 to 10:1. 

The tetramerisation cocatalyst, as defined previously to include a transition metal 
precursor and a heteroatomic ligand, can be combined with the polymerisation catalyst 
in the ratio 0.01:100 to 10 000:1, and preferably, from about 1:1 to 100:1. 

With regard to the tetramerisation transition metal precursor, the transition metal may be 
selected from any one of a group comprising chromium, molybdenum, tungsten, 
titanium, tantalum, vanadium and zirconium, preferably chromium. 

With regard to the tetramerisation catalyst, the transition metal precursor which, upon 
mixing with the heteroatomic ligand and an activator, catalyses ethylene tetramerisation 
in accordance with the invention, may be a simple inorganic or organic salt, a 
coordination or organometallic complex and may be selected from any one of a group 
comprising chromium trichloride tris-tetrahydrofuran complex, (benzene)-tricarbonyl 
chromium, chromium (III) octanoate, chromium hexacarbonyl, chromium (III) 
acetylacetonate and chromium (III) 2-ethylhexanoate. The preferred transition metal 
precursors include chromium (III) acetylacetonate and chromium (III) 2-ethylhexanoate. 

The process may include the step of combining in any order a heteroatomic ligand with a 
transition metal precursor, a polymerisation catalyst and an activator. 
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Examples of suitable polymerisation catalysts for the polymerisation of ethylene and the 
in situ synthesised 1-octene include but are not limited to the following: 



ZIEGLER-NATTA CATALYSTS 

TiCI 3 -Et 2 AICI, AIRg-TiCU, wherein R belongs to the group comprising of alkyl, substituted 
alkyl, cyclic alkyl, aryl, substituted aryl, alkene and substituted alkene, and the like. 

UNBRIDGED METALLOCENES 

Bis(cyclopentadienyl)-chromium(ll) 1 bis(cyclopentadienyl)-zirconium chloride hydride, 
bis(cyclopentadienyl)-titanium dichloride, bis(cyclopentadienyl)-zirconium dichloride, 
bis(cyclopentadienyi)-zirconium dimethyl, bis(n-butylcyclopentadienyl)-zirconium 
dichloride, bis(n-dodecylcyclopentadienyl)-zirconium dichloride, 

bis(ethylcyclopentadienyl)-zirconium dichloride, bis(iso-butylcyclopentadienyl)-zirconium 
dichloride, bis(isopropylcyclopentadienyl)-zirconium dichloride, 

bis(methylcyclopentadienyl)-zirconium dichloride, bis(n-octylcyclopentadienyl)-zirconium 
dichloride, bis(n-pentylcyclopentadienyl)-zirconium dichloride, b\s(n- 

propylcyclopentadienyl)-zirconium dichloride, bis(trimethylsilylcyclopentadienyl)- 
zirconium dichloride, bis(1,3-bis(trimethylsilyl)cyclopentadienyl)-zirconium dichloride, 
bis(1-ethyl-3-methylcyclopentadienyl)-zirconium dichloride, 
bis(pentamethylcyclopentadienyl)-zirconium dichloride, 
bis(pentamethylcyclopentadienyl)-zirconium dimethyl, bis(1-propyl-3- 

methylcyclopentadienyl)-zirconium dichloride, bis(4,7-dimethylindenyl)-zirconium 
dichloride, bis(indenyl)-zirconium dichloride, bis(2-methylindenyl)-zirconium dichloride, 
bis(2-methylindenyl)-zirconium dichloride, cyclopentadienylindenyl-zirconium dichloride 

HALF SANDWICH METALLOCENES 

Cyclopentadienyl-zirconium trichloride, pentamethylcyclopentadienyl titanium trichloride, 
pentamethylcyclopentadienyl-titanium trimethoxide, trimethyl-titanium- 

pentamethylcyclopentadienide, pentamethylcyclopentadienyl-zirconium trichloride, 
tetramethylcyclopentadienyl-zirconium trichloride, 1 ,2,4-trimethylcyclopentadienyl- 
zirconium trichloride 
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CARBON-BRIDGED METALLOCENES 

Diphenylmethylidene(cyclopentadienyl)-(9-fluorenyl)-2irconium dichloride, 
diphenylmethylidene(cyclopentadienyl)-(indenyl)-zirconium dichloride, isopropylidene- 
bis(cyclopentadienyl)-zirconium dichloride, isopropylidene-(cyclopentadienyl)(9- 
fluorenyl>-zirconium dichloride, isopropylidene-(3-methylcyclopentadienyl)-(9-fluorenyl)- 
zirconium dichloride, ethylene-bis(9-fluorenyl)-zirconium dichloride, meso-ethylene-bis(1- 
indenyl)-zirconium dichloride, rac-ethylene-bis(1-indenyl)-zirconium dichloride, rac- 
ethylene-bis(1-indenyl)-zirconium dimethyl, rac-ethylene-bis(2-methyl-1-indenyl)- 
zirconium dichloride, rac-ethylene-bis(4,5,6,7-tetrahydro-1-indenyl)-zirconium dichloride 

SILYL-BRIDGED METALLOCENES 

Dimethylsilyl-bis(cyclopentadienyl)-zirconium dichloride, dimethylsilyl-bis(9-fluorenyl)- 
zirconium dichloride, rac-dimethylsilyl-bis(1-indenyl)-zirconium dichloride, 
mesc-dimethylsilyl-bis(2-methylindenyl)-zirconium dichloride, rac-dimethylsilyl-bis(2- 
methylindenyl)-zirconium dichloride, rac-dimethylsilyl-bis(tetrahydroindenyl)-zirconium 
dichloride, climethylsilyl-bis(tetramethylcyclopentadienyl>zirconium dichloride, 
diphenylsilyl(cyclopentadienyl)(9-fluorenyl)-zirconium dichloride, diphenylsilyl- 
bis(indenyl)hafnium dichloride. 

The activator for use in the process may in principle be any compound that generates an 
active catalyst when combined with the heteroatomic ligand and the transition metal 
precursor. Mixtures of activators may also be used. Suitable compounds include 
organoaluminium compounds, organoboron compounds, organic salts, such as 
methyllithium and methylmagnesium bromide, inorganic acids and salts, such as 
tetrafluoroboric acid etherate, silver tetrafluoroborate, sodium hexafluoroantimonate and 
the like. 

Suitable organoaluminium compounds include compounds of the formula AIRg, where 
each R is independently a d-Ci 2 alkyl, an oxygen containing moiety or a halide, and 
compounds such as LiAIH 4 and the like. Examples include trimethylaluminium (TMA), 
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triethylaluminium (TEA), tri-isobutylaluminium (TIBA), tri-n-octylaluminium. 
methylaluminium dichloride, ethylaluminium dichloride, dimethylaluminium chloride, 
diethylaluminium chloride, aluminium isopropoxide, ethylaluminiumsesquichloride, 
methylaluminiumsesquichloride, and aluminoxanes. Aluminoxanes are well known in the 
art as oligomeric compounds which can be prepared by the controlled addition of water 
to an alkylaluminium compound, for example trimethylaluminium. Such compounds can 
be linear, cyclic, cages or mixtures thereof. Mixtures of different aluminoxanes may also 
be used in the process. 

Examples of suitable organoboron compounds are boroxines, NaBH 4 , triethylborane, 
tris(pentafluorophenyl)borane, tributyl borate and the like. 

The activator may also be or contain a compound that acts as a reducing or oxidising 
agent, such as sodium or zinc metal and the like, or oxygen and the like. 

The activator may be selected from alkylaluminoxanes such as methylaluminoxane 
(MAO) and ethylaluminoxane (EAO) as well as modified alkylaluminoxanes such as 
modified methylaluminoxane (MMAO). Modified methylaluminoxane (a commercial 
product from Akzo Nobel) contains modifier groups such as isobutyl or n-octyl groups, in 
addition to methyl groups. 

The transition metal precursor of the tetramerisation catalyst and the aluminoxane may 
be combined in proportions to provide Al/metal ratios from about 1:1 to 10 000:1, 
preferably from about 1:1 to 1000:1, and more preferably from 1:1 to 300:1. 

The process may include the step of adding to the catalyst system (including both the 
polymerisation and olefin tetramerisation catalysts) a trialkylaluminium compound in 
amounts of between 0.01 to 1000 mol per mol of alkylaluminoxane. 

It should be noted that aluminoxanes generally also contain considerable quantities of 
the corresponding trialkylaluminium compounds used in their preparation. The presence 
of these trialkylaluminium compounds in aluminoxanes can be attributed to their 
incomplete hydrolysis with water. Any quantity of a trialkylaluminium compound quoted 
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in this disclosure is additional to alkylaluminium compounds contained within the 
aluminoxanes. 

The activator may also be a binuclear cocatalyst such as a bisborane 1,4- 
(C 6 Fs) 2 B(C6F4)B-(C6F 5 ) 2 . This binuclear cocatalyst may be combined with the 
tetramerisation and polymerisation catalysts in such a way that a bimolecular species 
may be formed that has metal centres in close molecular proximity. 

The catalyst systems or its individual components, in accordance with the invention, or 
its individual components, may also be immobilised by supporting it on a support 
material, for example, silica, alumina, MgCI 2 , zirconia, artificial hectorite or smectorite 
clays such as Laponite™ RD or mixtures thereof, or on a polymer, for example 
polyethylene, polypropylene, polystyrene, or poly(aminostyrene). The catalyst can be 
formed in situ in the presence of the support material, or the support can be pre- 
impregnated or premixed, simultaneously or sequentially, with one or more of the 
catalyst components or the polymerisation catalyst. In some cases, the support material 
can also act as a component of the activator. This approach would also facilitate the 
recovery of the catalyst from the reaction mixture for reuse. The concept was, for 
example, successfully demonstrated with a chromium-based ethylene trimerisation 
catalyst by T. Mono! and Y. Sasaki, J. Mol. Cat.A: Chem., 1987, 109, 177-179. In some 
cases, the support can also act as a catalyst component, for example where such 
supports contain aluminoxane functionalities or where the support is capable of 
performing similar chemical functions as an aluminoxane, which is for instance the case 
with IOLA™(a commercial product from Grace Davison). 

According to a further aspect of the invention, there is provided a tandem oligomerisation 
and polymerisation process for the oligomerisation of ethylene to produce an olefinic 
product stream and the in situ polymerisation of the oligomeric olefin with ethylene, the 
process including the step of contacting the olefins with an oligomerisation catalyst, 
which catalyst includes a heteroatomic ligand and a transition metal precursor, and a 
polymerisation catalyst, which catalyst includes a transition metal and and/or a homo- or 
heteroatomic ligand. 

The oligomerisation catalyst may be an ethylene tetramerisation catalyst 
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* 5.; - : * >;:.V foetal and a heteroatomfc -ii'gand and whorisjn the product / . ; r -: v . 
"-. / • i- * air>! olefin; arid the oleafiii. is Concomitantly copo!^eris^ r wift Ifisr-: 6|d^jEi; jff^^d^tirfdftrii; ^^ift>-.i' r -* •' 

. • .; • • contacting 4he irfefins!produtiBd In tho first step and the-plefj^ yij 

: - v " '. ' i Jl^&mphsing-of a traresrtion metaJ:ancl/br a homo- or hetertiatornlc : figkn<M . ; "M;?y - A^-v.^'r \ • 
'•;■•>■.« - a * a •: . r ... - f : . • . ; . 

. : vi • ^By: homoatqmic is mesrit'a figand that consists' entirely^ of : sim\t^ 



. f^* -* \; [iriib - ethyfert© to be. tetra/nerised and polymerised "dan fee JntoducSd intofttw:^ £ : 

-'-i • •. • * 'J % % ■ -I- - . • : A * • . . *, i " . •Ic* V . 

■ *^ ■ • - : .• . ■ . •* ' ■ * . ' ■ • .* -j 

- ^- V" J ^* : nf1hife : "-teuric*E^fri 1 cataly^si procliict steam will be wderstoqd .to jnclo^ 

/. •:;.> ".* • > •* :polyrner is ^ipduced -according to the Invention. in a c6ntJhCi^s.^r;batc^ 

v.; «!:. . : . • - . : • .. : * J- ' -V- , '* ^ ^v 

:V . >:>; The proces^.may include V process for tetramerisatipn^pj ethyl^n^^Q-^elecfively. yie.lrf.fe":/ 15 : • ; :' 

" 4 ---V : V^octehe. ; . ■ . J 'v ! . > . >" f-r.i',- -^it. Vi'V^iV^f •/ 

- s. 5* . » : - • ;•„ ;. . •• , : - s :• . • 

' ' *V' I-""- r" •* ' • !i •" -..T.>:^" :-v • ■ 'i; ' " 

?V'Th*e . prpceiSs may. be'- ; a process for tetrarnerisatibri ; of ©thyiBhe ; ari^.to&ferjiRfti^/^:./*? ;J: 

••f'.'* i : l\ipp1yinerisation of ttia produced t-octene with ethytene t *..* . . . : } z\. '~\ : -: 



i:'T43ft;B#iy|B^e maybe contacted with the catalyst s^emcd^ 
X* * ^H:datal"yst arid fti.e polymerisation catalyst at a pressure ^ of;l .00; \^^'":ba^^ 
:1 ■ : : ^ ;:^rtater.tte^ 10001^ ^ 

; •.*>T^e ; tande^M may Include the step ^fmbdng the: w f: 

: ; i ;.; catalyst systems (bo^fthe. fetramerisation catalyst and l^e pcii^ 

presence \jt$l : :a*n";ojefih vThiS ipfGte&Q&l -v*? i-" - >*V r 



{^iefrip'eraterfe between .;-20'fC and '250°O in the pri 
; v; :: ^ 5 f^peraturfe range being ^O^C - 100 °C: 
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• • v1::'" - : - : Wi^kl;cbmppnenfe .of both catalyst systems- de^ritetfte^ % 1 

• , ..I f. : U\muitane'oiii*iy.:or seqiisrrtially in any order, and in ^B.^e^^iOf:^^^ ^?^^^?^ \ S V. 




; : . ' ^^teiUt system is In ja forin. that displays WW*. c* >te!^ub^^ iff. 
: • !-v£ J ^ P hase reactfcn^in 

"£;v. ; ;;^efio4 sis th8;dominant medium, and/or ga£pfe5©.;re^^^ f '* 

"* . :'. :*T * •': " •*.**•*•;• ■ •*•:*•/" ■ r. *w .\**07\\/" '* * 

I but in ; .a)r> inert ^^©rtt 7; • 



■*> - .r; i ^rV-^^ne a AdR9ahiB; metf^cydohexane, m^ylc^dbpeni^e, : !^^ > : > • 




. H ^^T^e^cand^f^ c^telysis be carried out aVtempe^!^^^^^ y>' : \y 

; ^]T^mperaft^BkJri the. rahge of 15-130 ^ are.preferr^ Raj^ci^^ipr ] 



/sis .process, may be carried out in a;;p|ant-w^ ■:/;* 
» of: such reactors include, but are^n^..(in?iteti : t9:J tetch "reactors^ '$*fpfa& : $f : '£ '-. 



• 7"r : fhe tandem .catalysis 
^;|Sre'actpri-. Examples 

V : /fr tiafch" reactors and cdritiriudus reactors; The plant may .thdude^^ y \Y 
;;.r^actor, b) .at least one inlet- line into this teactor for: blef^ : ~ 




tnp1.zejt:lO/ll/20M 14:^ tmri' .nr .:CB6 P.OCb 



WO 2004/056480 



PCT/ZA2003/000188 



system, c) effluent lines from this reactor for polymerisation reaction products, and d) at 
least one separator to separate the desired polymerisation reaction products, wherein 
the catalyst system may include a heteroatomic ligand, a transition metal precursor, a 
polymerisation catalyst and an activator, as described herein. 

In another embodiment of this invention, a combination of reactors may be preferred 
where the first reactor may be a continuously stirred tank reactor and the second reactor 
may be a batch, continuously stirred tank reactor or a plug-flow reactor. 



Examples of performing the invention 



The invention will now be described with reference to the following non-limiting 
examples. The individual components of the examples may conceivably be omitted or 
substituted and, although not necessarily ideal, the invention may conceivably still be 
performed and these components are not to be taken as essential to the working of the 



invention. 



In the examples that follow all procedures were carried out under inert conditions, using 
pre-dried reagents. Chemicals were obtained from Sigma-Aldrich or Strem Chemicals 
unless stated otherwise. All trialkylaluminium and aluminoxane compounds and 
solutions thereof were obtained from Crompton Gmbh, Akzo Nobel and Albemarle 
Corporation. In all the examples, the molar mass of methylaluminoxane (MAO) was 
taken to be 58.016 g/mol, corresponding to the (CH3-AI-O) unit, in order to calculate the 
molar quantities of MAO used in the preparation of the catalysts described in the 
examples below. Ethylene oligomerisation products were analysed by GC-MS and GC- 
FID. Polymer samples were dried under vacuum for 12 hours prior to characterisation. 
Polymers were characterised using differential scanning calorimetry (DSC) to determine 
melting points and 13 C NMR for the determination of the mol% incorporation of cc-olefins. 
Where possible the remaining liquid after tandem polymerisation was analysed by GC- 
FID for residual olefin composition. 

Example 1: Ethylene tetramerisation reaction using CrCI 3 (THF 3 ), (p- 
methoxyphenyl) 2 PN(isopropyl)P(p-methoxyphenyl) 2 and MAO 
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. 4 ;VA;'.sol.ution?3qf.'9.8 rng.of (^me\hoxyphenyl) 2 PN(ls^ : 
; J *"-v. : :;iinmqfj in'lp.inl of toluene Was; added to a solution of .5.6 frig. QSCliffflFfe (O^IS .mjfifl^r^ v 
v iC'^P' nil "toiuiene: in a; Schiehk' vessel The mixture was. 



. J C. j v a ? * mature toluene : (80ml) and MAO (methylalurninbttni^ 
rJ \ : :}**} ! : V:;1 ; pressure- rsactar was " charged ; wlth ethylene after ywhfch 'tap tnUo^ > y . 

v* • ; ethylene pressure w^jj^t^ v.!-.. 

yh y\ \ ; ! >(\ "thorough i^fedng'was • ensured throughout by mixing spe^te.;df~1 1B0 wW\ ^ * 

? entraining .Stirrer. Tfie .reaction was terminated after . 30. minii^^ 
"■ v ethvtene :*feed tothe- tsactbr and coolinb.the reactor .to below ^1D^C>Aftaf .teWWwno J 4ho - r - ^ V :" ? 



"""7>\£?: ^niiard fbr the analysis of the liquid phase by GC-Flp; A sifrbllj's^p 

; /-"^^la^efc was^tBed oyerVanl^drpcis sbdlurn sulfate -i*it^ft^i-Vf^iMBL--^i:.^<5- ! 




; f ; - •*. • ; "V ;reihaiirider : $rf the organic layer was filtered 
." ': y\.;^ dried overnight in an. oven ^-lOQfQa^ '*f 

4 C'^H"^^-^^ 1 9-oJ;Polyeth^ analyses indiraterd that th^^ 

V:*. V . * * : - ';:j42 ? 7Eg^ll^rner8.The-blI^meis comprised 72% 1^ctWB*(99.%'puntSr).*- jfv. • :^J\^'^f' '"■ _i 
C y ; V fiounpl*^. Ethylene tetrai^rfeatlbn reaction using Cr^c^iafej^^ ^ "\t^."- J V ' v 

: 'f : * - • >-^fr^wyifef^riTO Mao m * \ ; 3 r * : v : V; Jy^/ -vi^ S : x.? S 

•vi';>. : '^.V A; solutiqh : vW 18^":^^ 

V V **;"*•>; eu^.ehe;w^ added/to .a-isoliition of 7.7 mg Cr(ac>tyra^t5n^^ j. 
!;* - .; . v- v* ;^mene^n^a;Schl.enk;\^ssei 4 "Hie mixture was stirreclifor SfoiV 
: \ , 4. : : .v\ ? fr:^s.theh transferred a iopo ml pressure reactor (autoclave) £ptihsffc^ A- : 




r * : v*. i ."V'twtffl)- The .reaction vyas terminated after- 25 min^- and the procedure /of/BKar^ 

* f/}' . I "; employed; The .product* mass was 1 18.78 g. The prbdutrt j wri^H^^^^^ 1 l4p^h^v7-" i ■ ; : 1 ;'V 

'. : - r ; : ; *'S^(98:9% purity). ■ . ■ . ^r'-'' % - f^X ( ^ 
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Tandem catalysis reaction.] u^irigj 

map -r,; 



•. '. :•. /if:' ; jn^trite eifimpte, 0.011; frimol Chromium. ^tylaMtprtat^ (3^ " V • 

• £^ (36-;m 5 gy!i^ 
V.-.f **\ -'H^mospte^ 10 ml anhydrous toluene as sqfrenCT^in^^^ * ...... •* 

\. . - ; -\.¥ stirred for S minutes; antf . then added under inert conditions to a .T?^*airtpdky^^ ^Oi^ r^ji 
! V* -.y: fiflria*«tt/V!: The autoclav©' was filled, a oriorf with 70- ml anhvdrou^ .4blutfn^^ > ^i^^-^>' >: \ a <:: /\, 




* • * *. 



separate reservoir under inert conditions connected 
. v?K : ^^WinHaiety 12TO:^iaq : .(6n Qr) methylaluminoxane 




' •-v.^' 1 f ^ol^erisatic>n 'catat^ -viis. addecl at a rate of 0.66 mtfmin <^er a p^^ v* \ 

* : 'S' ■ after which- th& reaction vessel was cooled down. aha'!queriched;^ritfketfe ; r - s : 



2 : f ';iTiinuteSi;%e:.autc^laye 
#15; of pofyrDeri collected 



: : i.- v amount of. 1 -octene ancbrpc 
5 ? :f. 6^ptrosc6py of 3.83 % i; 




'-c .* • • 



; 7 v Example 4: . Tandem : .catalysis reaction ; using .. 
; j (ptiepyty^^^ MAO and/;. : trtfl^ethylp 

:' : ^:iimrt^isii^ t^butylanildHtp;tttarilum dichloride ■ ! v • • * V^>T J .•' V ; ^ ; : 4 

5;r''4h : %iS-^cample/a Solution; pf 20 ml (pheny1) 2 PN(isQ-^rpp]^(p^ 3--; 
•;. ^anhydrous ioIubhg and : 20.m] of a solution of Cr(ac^laiieforiate)y (0*02&njtnpl). to £ i\ - y . 
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* pressurisfed to . 4300 fcPa (43 bargj; WWV fcth^erie VWhn^^i^in^ iv^ph'^ -V s £ 
•:.*r \* ^ :v:c^menc«^:at. 1200. fpm, ;At the same time . th*S .ftol^erisafo^ 
* r ; " £ddes! to.the autoclave, tftrourah a separate inlet on the P^reactohihift wpS fcbiw^edtoV^/i ; v 
... [L jftie .-otrttet df the HPLG pump. The polymerisation cata!^: was a^^^ 



y-irml/rnfn over a period qf 30 minutes after which 
•^quferiched with ethaftol.* m . The . autoclave was 





■•>. gBrampte Tandem catalysis reaction using (p-m^hpxyphoriyl)^N(te^ K. 
■r^rn^ MAO and diniWyisl^ bteinden y If 



:t '.\ .l*v ' this • exaifnblQ,- TO; : mT df ■ a toluene solution 




• : capacity): Uhder.inerty^ncfitioriss The autoclave was 




;' : iv " ;/-'v":-;600 eq (on Cr) methyialuminqxane (MAO) was added fc ^e^^ 

• ;.:-;•>■?•'._" *; ■y-;fc6nafonfc : "jThfe awociave. wis heated to 45 :0 C, :seale6 ! .and p?^ 



: - .4^00 kPa (41 ;barg) vioth ethylene whilst, stirring was OTmmeric^d ^at j1;2^ : 
i : *sarhe . time; the polymerisiition; catalyst solution • was .:sdded . to. .the aUt^aW/^rbuigH la^yi 
• : v ;separate : infet conhBcteG/tG^he outlet oi the HPLC.pump//th^ ppiymen^tioh^atelVis^ 
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^WWkddea.eil a rate . of CJ.33 mVm'm over a period of 6tt ^inut^ afteriwhicK 5h£ T©actioh> .,p . 
T i vessel was cooled down. arid quenched with ethariok.T^e.alrtotiavB: 




, resonance spectroscopy 



f of 5.55 %.. The -density, of : tKj^pdlyr^K:^^ j£ }' 



>• catalysis reaction using (p-*etob:^i^ 

i;m^ MAO ^ - ^ 



tffanium<iichloride 



3 and cycibpentatfe^ >\\ : 




• ,.. V: : V;^ : j-'aulpblav^ was opened and the contents c^lected;f or analysis.' 

• ".ira'e-httH ■ 1« lk>-citr»n'o niVri-'Hrieri- in a varm'irh nvRh- frir. '1 j>h -fit BO" ?G'_ ."""The 'dtfi^''"6ofvfY\eifrA":"*:> 



K. washed" in ^acetone and dried- in a vacuum ovefr tor. i2h .at ^^^"T^B/.dfi^.^dfyW^ 
' : .'''V. : ;amo'unt^.tD-3.35 g... Analyses: of the, polymer revealed -a me itin g pointiof ^2e^.G;and-.1:^.;";' 
• v.- % incorporation of ^-bdterie 'es determined by 1j C NWR. .; . 
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